This paper is focused on improving traffic safety in bridge under crosswind conditions because 10 adverse wind conditions increase the risk of traffic accidents. In this work, two ways in order to 11 improve traffic safety are proposed to study. Vehicle stability can be improved on the one hand 12 by means of wind fences installed on bridge deck and on the other hand by modifying design 13 parameters of the infrastructure. Specifically, this study examines the influence of different 14 parameters related to bridge deck configuration on the aerodynamic coefficients acting on a bus 15 model under crosswind conditions. The aerodynamic coefficients related to: side force; lift force 16 and rollover moment, were obtained for three classes of bridge deck (box, girder and board) by 17 numerical simulation. The FLUENT code was used in order to solve Reynolds-averaged Navier-18 Stokes (RANS) equations along with the SST ω − k turbulence model. Two crash barriers located 19 on the box bridge deck were replaced by an articulating wind fence model and then, the effect of 20 angle between the wind fence and the horizontal plane on the bus aerodynamic was presented. 21
range between 75º and 120º. In order to study the effect of yaw angle on aerodynamic coefficients 23 acting on bus, both the bus model and bridge model were simultaneously rotated. The minimum 24 value of rollover coefficient was obtained for an angle 60º between the wind fence slope and the 25 horizontal plane. The only geometry parameter of box bridge deck which significantly affects bus 26 aerodynamics is the box height. The present research highlights: the usefulness of computational 27 fluid dynamics codes for improving traffic safety, the performance of articulating wind fence, 28 which geometry parameters of box deck have a significant influence on bus stability. 
Introduction 34
Wind conditions in locations such as bridges and viaducts may be especially negative for vehicle 35 stability. Particularly, the control of high-sided vehicles requires more attention because they are 36 more likely to undergo rollover or lane changing accidents Reynolds, 1992 and Dorigatti 37 et al., 2012) . Nevertheless, in Cheung and Chan (2010) , it is demonstrated that light-weight 38 vehicles are also likely to suffer lack of comfort while driving on bridges under relatively low 39 wind velocity. Nowadays, some authorities around the world opt for closing bridges when the 40 wind velocity exceeds a limit value. In some cases this wind velocity limit is set based on previous 41 experience instead of being the result of a quantitative procedure, which better guarantees user 42
safety. 43
The interruption of traffic on some bridges may involve huge economic losses, especially if the 44 bridges are associated with the local market logistics. Therefore, viaducts or bridges usually 45 exposed to cross-wind conditions can be the cause of safety and economic issues. As a 46 consequence, several research works have dealt with the outcome of crosswind on bridges (Wang, Another aspect studied is the huge influence of wind conditions (wind velocity, approaching 55 turbulence, wind direction, etc.) on vehicle stability. Kozmar et al. (2012) highlighted that high-56 sided vehicles suffer higher wind loads as the angle formed by the wind direction and the 57 horizontal line in a vertical plane was increased. Charuvisit, Kimura and Fujimo (2004) indicated 58 that an increase in wind velocity reduced the comfort during driving. In addition, the worst value 59 of the horizontal angle formed by wind direction and the normal to bridge direction was 30º for 60
Author's post-print :A. Alonso-Estébanez, J. J. Del Coz Díaz, F. P. Álvarez Rabanal & P. Pascual-Muñoz (2017) Numerical simulation of bus aerodynamics on several classes of bridge decks, Engineering Applications of Computational Fluid Mechanics, 11:1, 435-449, DOI: 10. 1080/19942060.2016.1201544 The influence of the bridge deck typology on vehicle stability was studied by obtaining the 113 aerodynamic coefficients from the bus model. Among the types of bridge deck sections built 114 nowadays, the following three were proposed for study: box, board, and girder (see Fig. 1 ). The 115 aerodynamic coefficients acting on the bus located on the bridge decks were obtained for four 116 yaw angle values: 75º, 90º, 105º and 120º. Detailed information about the dimensions of both the 117 bus and box bridge deck (model scale 1:40) can be found in Dorigatti et al. (2012) . This 118 experimental study in wind tunnel was used to fit the numerical setup parameters and then this 119 setup was applied to the other cases proposed to study. Four crash barriers 1250 mm high at full 120 scale and porosity (ratio between open area and total area projected on the normal plane to wind 121 direction) approximately 35%, were installed on the three types of bridge deck. These barriers are 122 composed of two strips with a width of 406.25 mm and a gap between them of 218.75 mm in full 123
scale. An additional model was built for the box bridge deck in which two of the crash barriers 124 were replaced by solid and articulating wind fences (porosity 0%). The wind fence model was 125 dived into two parts of equal length, but the upper part varied its slope angle with the road plane 126 while the lower part was kept in vertical position (90º with the road plane) for all cases. 127
Specifically, five values of slope angle, β, between 60º and 120º were studied. In vertical position, 128 the articulating wind fence keeps the same height of crash barrier. Furthermore, the effect of the 129 box deck design parameters (Fig 1 a) on the aerodynamic loads acting on the bus was studied by 130 applying the response surface methodology. 131
On the other hand, the aerodynamic loads and moments acting on the bus obtained are side force 132 (F S), lift force (FL) and rollover moment (MR) (Fig. 2) . The moments caused by side force and 133 lift force were obtained by integrating the pressure about origin of reference system (point O in 134 Fig. 2 ), due to wind force components acting in the x and y axes respectively. The rollover moment 135 was calculated by adding the moments caused by side and lift forces. Then, these aerodynamic 136 loads were become into non-dimensional coefficients using the following equations: 
Mathematical approach

146
The lower region of the atmosphere where transport infrastructure are located is characterized by 147 turbulent flows. Consequently, the Reynolds-averaged Navier-Stokes (RANS) equations in 148 steady state along with a turbulence model were solved to predict the aerodynamic coefficients 149 acting on the bus by using the finite volume method. In this work, a steady state analysis is applied 150 instead of transient analysis because in order to achieve the objectives of study is not required. In 151 addition, the computational cost and CPU time is quite higher for unsteady simulation as 152 Therefore, if the study requires high accuracy in the result obtained it would be necessary to carry 157 out a transient analysis. However, if the goal is to predict which structural configuration 158 influences more negatively the vehicle stability, as in the present study, the steady approach 159 should be accurate enough. Nevertheless, to study the effect of using a steady approach instead 160 of an unsteady one, the aerodynamic coefficients acting on the bus were obtained by both 161 In the present study, a second-order upwind scheme was used for the moment equations and the 197 turbulence quantities and, second order scheme for pressure equation during the spatial because computational cost is greater and, vehicle motion has no significant influence on the force 212 coefficients according to Bocciolone et al. (2008) . In order to obtain the aerodynamic coefficients 213 for each value of the yaw angles studied when the bus model is located on the three types of 214 bridge decks, the bus and bridge deck were rotated together as it is shown in Fig. 4 . 
222
The domain was broken up in two sub domains (far domain and near domain in in solving the near-wall region problem, which can be subdivided into three layers: viscous 228 sublayer; buffer layer; and log-law region. A total of ten inflated layers of wedge with a growth 229 rate of 1.1 make up the wedge grid, the thickness of the first layer being set to obtain an 
A finer grid was built for both the air region close to curved surface and small gap of air between 234 walls by using curvature and proximity controls. In the next section, the boundary condition setup 235 is detailed (Tu, 
Grid size and turbulence closure model 252
The spatial discretization error can be decreased by diminishing the cell size but a smaller cell 253 size increases the total number of cells in the grid and, in consequence the computational cost.
Author
Therefore, a grid size independence study was carried out to avoid wasting computational power. 255
In particular, the aerodynamic coefficients acting on the bus located on the box bridge deck with 256 a yaw angle of 90º were obtained for four grid sizes: 13. The different levels of refinement were obtained by applying a size control function on the near 265 domain, which is the air region where the variable gradients are stronger and a smaller cell size 266 is likely required (Fig 6) . The results indicate that the aerodynamic coefficients acting on the bus are quite independent of 271 the grid size for the studied range of cells number (Fig. 7) . Thus, the grid setup defined for 13.4 272 million cells was applied to the other numerical simulations. 273
The grid size varies with the yaw angle studied for the three types of bridge decks. Specifically, 274 the maximum variation of grid size with the yaw angle taking as the reference the grid size value 275 for 90º yaw angle in each bridge deck type and, keeping the same grid setup, is shown in the Table  276 2. 277 Table 2 . Yaw angle where the maximum variation of grid size with respect to 90º of yaw angle was obtained The lowest relative error in the three coefficients was obtained with the SST ω − k model (see Table  287 3); therefore, this model was finally used in the other scenarios. The lift coefficient exhibits the 288 The results of numerical models can be considered accurate enough to reach the objective set for 299 this study, due to the following reasons: the weight of lift coefficient on the rollover coefficient 300 is rather softer than the side coefficient; the lift force values are quite lower than the side force 301 and as consequence when the difference between numerical and experimental values are 302 expressed in terms of relative error, the error relative of lift coefficients is quiet higher than the 303 others; and finally the relative error of the side coefficient is low enough to rely on this value. 
Comparison between unsteady and steady aerodynamic coefficients 314
An unsteady numerical simulation with the SST ω − k model was carried out prior to the use of the 315 steady approach for the proposed cases. Thus, the box bridge deck was used to calculate the 316 aerodynamic coefficients of bus by applying both a steady approach as unsteady. The 317 nondimensional time step was set as 097 . 0 experimental measurements, however, the variations of the aerodynamic coefficients with the 326 yaw angle are quiet similar by applying both approaches. Therefore, the steady approach will 327 allow the obtention of accurate enough trends as for reaching the objectives of this study. 
333
DOE methodology 334
In order to study the effect of the box deck design parameters on the aerodynamic loads acting on 335 the bus, a sensitivity analysis and a design of experiments (DOE) analysis were carried out. In 336 this sense, the result from DOE analysis enables the optimization of the box deck configuration. 337 other hand, the range of deck box angle is from 15º to 45º, with a starting design value of 362 30º. 363
A central composite design (CCD) was chosen to determine the number of cases required to 338
• Output parameters: the aerodynamic coefficients associated with side force, lift force 364 and rollover moment. 365
Result and discussion 366
In this section, the influence of both the bridge deck configuration and of wind fence slope on 367 aerodynamic loads which contribute to the rollover accident under crosswind conditions, is shown 368 and discussed. 369
Bridge deck type effect
370
In order to study the effect of the bridge deck type on the stability of a bus model, the aerodynamic 371 coefficients of bus were obtained in three types of bridge deck section, as it was indicated in 372 Section 2.1. Fig. 9 illustrates the aerodynamic coefficients acting on the bus located on the three 373 bridge decks considered for four yaw angle values: 75º, 90º, 105º and 120º. In order to obtain the 374 aerodynamic coefficients for each value of yaw angle, the bus and the bridge deck were rotated 375 together. While the side and the rollover coefficients approach the highest values for a yaw angle 376 of 90º, the lift coefficient approach the lowest values. The side and the rollover coefficients show 377 a similar trend with respect to the yaw angle due to the stronger influence above the rollover 378 moment by the side force than the lift force. However, the lift coefficient exhibits an opposing 379 behavior to the other coefficients as in Dorigatti et al. (2012) . The side and rollover coefficients 380 diminish when the yaw angle moves away from the perpendicular to the traffic direction and the 381 lift coefficient increases. Moreover, the differences between aerodynamic coefficients for the 382 three type of bridge decks are quite small but, the board type seems to influence more negatively 383 the bus stability than the other decks for most of the yaw angle values. A sample of numerical 384 results relative to static pressure and wind velocity in the air region around of bus for a yaw angle 385 of 90º, is illustrated in Fig. 10 . These results indicate that there are not great differences between 386 the bridge decks with respect to the air flow velocity around the bus, as Fig. 10 shows. However, 387 it is interesting to stress that the bus stability could be improved if the bridge deck model caused evaluated through the reduction of this coefficient. Similar behaviour is exhibited in the side force 406 coefficient and the rollover moment coefficient versus the wind fence slopes (Fig. 11) , where two 407 regions can be distinguished. In the first region, both coefficients decrease from a wind fence 408 slope of 15º to 60º, where the minimum values are reached and keep quite constant until 75º, 409
where coefficients begin to increase. The lift coefficient exhibits an opposite trend with respect 410 to the rollover and side coefficients where the maximum value of lift coefficient is approached 411 for a wind fence slope of 75º (Fig. 11) . Among the slope angles of wind fence studied, 60º 412 highlights as the position where the minimum value of rollover coefficient is obtained. For this 413 slope angle value, a lower number of streamlines hit on the top zone of the windward surface of 414 the bus in comparison with other values of wind fence slope, which result in a reduction of the 415 rollover coefficient of the bus (Fig. 12) . Specifically, this articulating wind fence reduces the 416 rollover coefficient in relation to the crash barrier by a maximum value of 22% (wind fence slope 417 angle of 60º). While the side coefficient of bus was higher when the crash barrier were installed, The response surface models fitted with the results obtained after solving the cases proposed by 439 the design of experiment are plotted in Fig. 13 . These graphs show the maximum variation of 440 aerodynamic coefficients of the bus caused by the effect of deck box height and deck box angle 
